Abstract. There is abundant observational evidence that the energization of plasma particles in space is correlated with an enhanced activity of large-scale MHD waves. Since these waves cannot interact with particles, we need to find ways for these MHD waves to transport energy in the dissipation range formed by small-scale or high-frequency waves, which are able to interact with particles. In this paper we consider the dissipation range formed by the kinetic Alfvén waves (KAWs) which are very short-wavelengths across the magnetic field irrespectively of their frequency. We study a nonlocal nonlinear mechanism for the excitation of KAWs by MHD waves via resonant decay AW (F W ) → KAW 1 + KAW 2 , where the MHD wave can be either an Alfvén wave (AW), or a fast magneto-acoustic wave (FW). The resonant decay thus provides a non-local energy transport from large scales directly in the dissipation range. The decay is efficient at low amplitudes of the magnetic field in the MHD waves, B/B 0 ∼10 −2 . In turn, KAWs are very efficient in the energy exchange with plasma particles, providing plasma heating and acceleration in a variety of space plasmas. An anisotropic energy deposition in the field-aligned degree of freedom for the electrons, and in the cross-field degrees of freedom for the ions, is typical for KAWs. A few relevant examples are discussed concerning nonlinear excitation of KAWs by the MHD wave flux and consequent plasma energization in the solar corona and terrestrial magnetosphere.
Introduction
In-situ and remote observations show the presence of MHD waves in a variety of space plasmas -for example the solar corona, the solar wind, and planetary magnetospheres. These waves can be excited by different drivers, like MHD plasma instabilities and mechanical plasma motions (Verheest, 1977;  Correspondence to: Y. Voitenko (yuriy.voitenko@wis.kuleuven.ac.be) Fushiki and Sakai, 1994) . It is believed that the plasma energization that accompanies an enhanced activity of MHD waves, has its source in these waves. However, MHD waves are excited at length scales and time scales that are far longer than those required for efficient dissipation. Hence energy carried by MHD waves can only be available for the energization of the plasma if there exist mechanisms that can transport the energy from the long wavelengths at excitation to the required short wavelengths for dissipation.
This problem particularly shows up in recent SOHO observations of the solar corona. Spectroscopic SOHO observations of the widths of extreme ultraviolet emission lines indicate that ions are very hot in the high corona at 1.5-4 solar radii (Kohl et al., 1997) . Moreover, the ion kinetic temperatures seem to be highly anisotropic with the perpendicular (with respect to the background magnetic field) temperature being much higher than the parallel temperature (Kohl et al., 1997; Dodero et al., 1998; Cranmer, 2002) . These observations suggest that the ions are energized (heated and/or accelerated) anisotropically, mainly across the magnetic field. An attempt to explain the perpendicular energization of the ions in the solar corona as due to the ion-cyclotron heating by high-frequency waves (see recent papers by Marsch and Tu (2001) , and by Hollweg and Isenberg (2002) , and references therein) leads to questions about the origin of these high-frequency (10 2 ÷10 4 Hz) waves at those large heights in the corona. If these waves are excited at the coronal base (Voitenko and Goossens, 2002a) , then it is difficult to explain how they can propagate so far. At the same time, a strong anti-sunward flux of MHD waves should exist throughout the whole corona, and it is permanently observed in the solar wind. The source for this flux can be the convective motions at the photosphere, which can generate very lowfrequency waves, f = 10 −4 ÷10 −2 Hz, or the magnetic activity (magnetic reconnection and restructuring) in the photosphere/chromosphere/low corona, which can generate waves in an intermediate-frequency band f = 10 −1 ÷10 0 Hz. Having in mind the difficulties with the penetration of very lowfrequency waves from the photosphere into corona, it is of-ten suggested that just these intermediate-frequency waves provide the main energy source for the coronal heating and solar wind acceleration (Ryutova et al., 2001) . Then one can envisage that the upward flux of MHD waves generates the ion-cyclotron waves in-situ. Direct turbulent cascade towards higher frequencies (Li et al., 1999) , and generation by currents carried by MHD waves (Markovskii and Hollweg, 2002) have been proposed as local and non-local mechanisms to transport wave energy to the ion-cyclotron dissipation range.
However, under solar corona conditions the turbulent cascade is anisotropic and proceeds towards high cross-field wave numbers rather than to high field-aligned wave numbers which are required for ion-cyclotron resonance (Leamon et al., 2000; Matthaeus et al., 2003) . Phase mixing in transversally nonuniform plasmas works in the same direction, but it appears to be too slow in the corona for providing the necessary rate of transfer of wave energy to the dissipative length scales, which are of the order of the ion (proton) gyroradius ρ p . In addition, the turbulent cascade can develop only under restricting special conditions, like the presence of a fraction of counter-propagating waves. While a partial reflection of the very low-frequency (<10 −2 Hz) Alfvén waves in a vertically stratified corona can give rise to the counter-propagating waves (Leamon et al., 2000; Matthaeus et al., 2003) , for the intermediate-frequency waves, f = 10 −1 ÷ 10 0 Hz (actually, for f >10 −2 Hz), the reflection is negligible. The nonlocal transport due to current instabilities (Markovskii and Hollweg, 2002) , can only be efficient when MHD waves develop strong shear flows or currents. Hence, this type of transport requires pre-structured Alfvén waves with sufficiently small scales either across the background magnetic field, or in the field-aligned direction (which in turn implies already high-frequency Alfvén waves).
In the present paper we study nonlinear processes that can strongly accelerate the evolution of wave energy towards small length-scales: the resonant three-wave decays of large-scale MHD Alfvén and fast waves into kinetic Alfvén waves, AW (F W ) →KAW 1 + KAW 2 . In the framework of two-fluid MHD we show that finite-amplitude MHD waves are nonlinearly coupled to kinetic Alfvén waves (KAWs). The kinetic Alfvén waves we refer to are Alfvén waves with short wavelengths across the background magnetic field B 0 (large perpendicular wavenumbers k ⊥ k ). Because of their ability to interact strongly with plasmas and with other wave modes, KAWs are now under intensive investigation (Stasiewicz et al., 2000; Voitenko and Goossens, 2002a; Onischenko et al., 2004) . The kinetic and inertial regimes of KAWs have been observed in the laboratory (Leneman et al., 1999; Kletzing et al., 2003) and in space (Wygant et al., 2002; Chaston et al., 2003; Stasiewicz et al., 2004) plasmas. The non-local three-wave resonance of a large-scale MHD wave with small-scale daughter KAWs is possible because of the highly anisotropic nature of KAWs which are still lowfrequency despite of the high oblique wavenumbers. Important advantages of this nonlocal transport are that it is not restricted to any specific wavelengths or frequencies of initial MHD waves, and that it does not require the pre-existence of counter-propagating waves or plasma non-uniformities.
For high oblique wavenumbers the electric field of nonlinearly driven KAWs has important components parallel to the equilibrium magnetic field, E B 0 , and parallel to the cross-field wave vector, E ⊥ k ⊥ . Because of the parallel electric field the KAWs undergo the Cherenkov resonance with the electrons, and heat and accelerate them along B 0 . This process can explain the high electron energy in the parallel (field-aligned) direction, observed in aurora (Wygant et al., 2002) . On the other hand, the perpendicular electric field E ⊥ k ⊥ leads to a strong cross-field acceleration of the ions which occurs in the vicinity of demagnetizing KAW phases (Voitenko and Goossens, 2004) . This process can explain a large excess of ion energy in the cross-field plane, observed in the solar corona (Dodero et al., 1998) and in aurora (Chaston et al., 2003) .
Eigenmode KAW equation
We consider a uniform hydrogen plasma immersed in a background magnetic field B 0 . In terms of the effective density potential φ,
the nonlinear (up to second order in perturbation amplitudes) eigenmode equation for KAWs is (Voitenko and Goossens, 2002b) :
γ d is the linear damping/growth rate due to wave-particle interaction, V A = B 0 / 4πnm p is the Alfvén velocity, ∇ is the spatial derivative along B 0 , and K is the dispersion function so that the wave dispersion in wavenumber space is ω = k V A K. In low-β plasmas K can be approximated as
where
A is the gas/magnetic pressure ratio, χ e = δ 2 e k 2 ⊥ = β −1 m e /m p µ T , δ e is the electron inertial length. The KAW dispersion function K > 1 for m e /m p < β < 1, and K < 1 for β < m e /m p .
The nonlinear part N tot of Eq. (2) is quite complicated:
where µ T e = µ T T e / T e + T p , and s ≡ sign (k z ) indicates the direction of KAW's propagation.
Nonlinear resonant excitation of KAWs by MHD waves

Resonant decay
We concentrate here on the processes induced by the scalar nonlinearities (Voitenko and Goossens, 2002b) : resonant decays of the large-scale pump Alfvén and fast magnetoacoustic waves into KAWs. These processes result in a jump-like spectral transport of MHD wave energy directly into the dissipation range (i.e., dissipative length scales). We consider the most efficient three-wave resonant interactions (Sagdeev and Galeev, 1969) . The beatings between "pump" wave with wave vector k P and trial KAW k 1 can efficiently drive the complimentary trial KAW k 2 with spatio-temporal scales that coincide with the scales of the beatings:
If there is initially a low (e.g., thermal) level of KAWs, the efficient amplification of KAWs occurs when there is a positive back reaction on the wave k 1 from the wave k 2 , i.e. when the beatings between the KAW k 2 and the pump k P in turn drive k 1 :
In this case the process takes the form of (parametric) decay, where the pump wave decays into a spectrum of wave pairs which satisfy the resonant conditions for wave vectors
and wave frequencies
Vectorial nonlinear interaction of KAWs has been studied by (Voitenko, 1998a ) (kinetic theory) and (Voitenko and Goossens, 2000, 2002b ) (2-fluid resistive MHD). This interaction is proportional to k 1⊥ × k 2⊥ and is therefore local in k-space, |k 1⊥ | ∼ |k 2⊥ | ∼ |k P⊥ |. Scalar interaction is formally of order β, but since it is proportional to k 1⊥ ·k 2⊥ , the resonant non-local interaction is possible where
|k 1⊥ × k 2⊥ | for the non-local interaction. It is useful to factorize the KAW wave functions φ 1 and φ 2 into an exponential phase dependence and a slowly varying amplitude, 1,2 = 1,2 (t):
The equations for resonant short-scale Alfvén waves 1 and 2, coupled to the large-scale pump wave P, are then obtained from the nonlinear eigenmode Eq. (2) as
b P = B P /B 0 is the normalized magnetic field of the pump wave. The coupling coefficients are
where N tot have to be calculated from Eq. (4) by eliminating all the pump variables in favor of b P , and by eliminating all the KAW variables in favor of . The total growth (or damping) rate of exponentially growing (or decaying) solutions of the system (Eqs. 14-15), 1,2 ∼ exp (γ tot t), is
where γ N L is the nonlinear growth rate -the rate of the nonlinear pumping of MHD wave energy into daughter KAWs:
Nonlinear decay of fast waves into kinetic Alfvén waves
Let us consider a pump FW with a frequency ω P propagating at an angle to the background magnetic field,
The z-axis is parallel to B 0 , and we assume that k Pz > 0. To derive the nonlinear second-order parts of the equations for the KAWs 1 and 2, we use the linear relation for KAWs given in the previous section and the standard linear relation for the pump FW:
(in terms of number density this means n P /n 0 = K P B P /B 0 ). The perpendicular electron and ion velocity in the pump FW are equal,
and the magnetic field components are related through
The function K P accounts for the thermal correction in the oblique fast waves:
As we are interested in a non-local process of energy transport into a region of high perpendicular wavenumbers, we consider excited waves with high perpendicular wavenumbers, |k 1⊥ | ≈ |k 2⊥ | k P⊥ . In that case we have −k 1⊥ ≈ k 2⊥ ≡ k ⊥ (dipole approximation in the perpendicular direction) and K (k 2⊥ ) ≈ K (k 1⊥ ) ≡ K. Assuming s 1 = 1, the frequency matching condition,
and the parallel wavenumber matching condition,
can be solved for s 2 = −1 (anti-parallel propagation of two product KAWs along the background magnetic field, k 1z · k 2z < 0 ). In this case the frequencies of decay waves for given K = K (k ⊥ ) are
For s 2 = 1 (parallel propagation of two product KAWs along the background magnetic field), we find from Eq. (22) that the KAWs' wavenumbers should be fixed,
The decay of fast waves into parallel propagating KAWs is thus selective (restricted by the matching conditions). For s 2 = −1 (anti-parallel propagation), the matching conditions reduce to the requirement ω 2 > 0, which can be satisfied in a wide range of perpendicular wavenumbers µ T < µ * T . The nonlinear coupling coefficients for the waves 1 and 2,
follow from Eq. (4) where all the KAW perturbations are eliminated in terms of φ 1,2 , and all the fast wave perturbations are eliminated in terms of b P . The threshold amplitude of the decay in the collisional regime, where the wave damping is determined by collisional dissipation
The collisional threshold for a pump frequency as low as ω P ∼ 0.1ν e is b C P ∼ 0.1. For higher frequencies the threshold decreases to values b C P 10 −2 at ω P ∼ ν e . At higher pump frequencies, ω P > ν e , the instability switches into the collisionless regime where the Landau damping of KAWs dominates over the collisional damping. The threshold amplitude of the decay in the collisionless regime is
b L P is a decreasing function of µ T and attains its minimum b L thr at the maximal possible value of µ T µ * T . The values of this minimum determine the instability threshold as a function of cos 2 θ P . In the limit µ T → µ * T we obtain b L P → 0, and there is no any threshold for the instability. But, as follows from Eq. (25), in the limit µ T → µ * T we have ω 1 → 0, that is λ 1z → ∞, which is prohibited by the finite parallel length scale of inhomogeneity in real systems. The real threshold has then to be calculated in a different limit µ T → µ max (µ max < µ * T ), where µ max is determined by the maximal parallel wavelength allowed by the parallel system size L z :
Nonlinear decay of MHD Alfvén waves into kinetic Alfvén waves
We consider a pump AW with a frequency ω P and wave vector k P = (0; 0; k Pz ) , that decays into KAWs with k 1⊥ ≈ −k 2⊥ k P⊥ and with approximately equal dispersions,
In that case N tot simplifies considerably because only the cross-field electromagnetic perturbations and velocity perturbations are induced by MHD Alfvén waves:
The frequency matching condition, ω 1 + ω 2 = ω P , and the parallel wavenumber matching condition, s 1 ω 1 + s 2 ω 2 = ω P K, can be satisfied only for antiparallel propagation of daughter KAWs (we take s P = k Pz / |k Pz |). So, for s 1 = 1, we must have s 2 = −1. This determines the KAW frequencies as
and
The process is thus possible only if K < 1, i.e., in a very low-β plasma with β < m e /m p . The KAWs in a β < m e /m p plasma are sometimes called inertial Alfvén waves, because their dispersion is determined mainly by the parallel electron inertia. In these circumstances we obtain the following expressions for the electron and ion ponderomotive forces induced by the beatings of the pump Alfvén wave and the KAW with
The coupling coefficients of KAWs with a pump MHD Alfvén wave are found as
e P is the unit vector of the magnetic field of the pump wave, e P = B P /B P . 
where β m = βm p /m e . These properties of the nonlinear growth rate, together with the dissipative properties of KAWs, create an interesting feedback loop for the plasma/MHD wave flux system. When the flux of MHD Alfvén waves enters the region where β < m e /m p , nonlinearly driven KAWs are generated and tend to heat the plasma up to the level where β is kept slightly below m e /m p , β = β c m e /m p . When used in Eq. (38), this particular value β c provides a dynamical equilibrium, with the nonlinear growth rate γ N L , at which the energy is pumped in the plasma via intermediate KAWs, balancing the rate of the energy loss from the plasma due to emission, thermal conduction and plasma acceleration. With different powers of the launched MHD Alfvén flux, the interplay of these processes can set up different regimes -from weak additional heating in the vicinity of the transition point β = m e /m p , to the creation of an extended region where β m e /m p , which ends with accelerated flows of heated plasma, where β > m e /m p .
Non-adiabatic cross-field acceleration of ions
Nonlinearly driven KAWs have short wavelengths and are thus almost electrostatic in the sense that their electric field becomes almost parallel to the wave vector, |k · E| |k × E|. In this case the velocity of the polarization drift of ions becomes large, which makes KAWs available for the non-adiabatic ion acceleration and heating across the magnetic field (Voitenko and Goossens, 2004) . Let us consider the motion of a initially thermal ion described by the equation of motion
where e z is the unit vector in the direction of the mean magnetic field. Then, using the anisotropic properties of KAWs, we obtain the following equation for the perpendicular component of the ion velocity:
where the x-axis is taken in the direction of E ⊥ , and we put v z = V iz , V iz is a characteristic velocity of the ions along the magnetic field, which is not strongly affected by the waves. Let us specify the magnetic field of the KAW as B y = B y0 sin (ω k t − k z z − k x x). In the vicinity of the demagnetizing wave phases, ω k t − k z z (t) − k x x (t) ≈ π (2l + 1) (l integer), the ions can enter the regime of the exponential nonadiabatic acceleration,
when the term in parentheses in Eq. (41) becomes positive. This condition determines the KAW parameters for the ion motion to lose its adiabatic character. Using the polarization relation for KAWs,
we obtain the acceleration rate,
and the condition of super-adiabatic acceleration of ions i in terms of magnetic KAW amplitude,
This condition determines the KAW parameters for the ion motion to lose its adiabatic character. In this case the crossfield velocity of the ions grows exponentially, which leads to the energization and heating of the ions. As long as V iz /V A 1, the first term in the brackets is dominant (it is due to ∂E x /∂x). In the absence of waves, B 0y = 0, we have γ n−a = ±i i , which corresponds to the usual cyclotron motion of ions.
It is clear from (43) that the differential field-aligned motion of the ions (second term in the brackets) can have a profound influence on their cross-field energization. Once the bulk velocity of given ions approaches the local Alfvén velocity, V iz ∼ V A , their energization is suppressed. On the contrary, the energization is enforced for ions moving against the waves, V iz ∼ −V A < 0.
Kinetic Alfvén turbulence
Let us consider the excitation of KAW turbulence by the MHD Alfvén wave, which pumps energy into the mode k S⊥ ∼ δ −1 e (wave vector) at a rate 2γ N L max . When the amplitude of a growing mode reaches its saturation value, parametric decay of the nonlinearly excited KAWs with k S stops its growth, spreading out the wave spectrum. The decay into parallel-propagating KAWs initially spreads the spectrum into both higher and lower wavenumber domains, k 1⊥ < k S⊥ < k 2⊥ , whereas the decay only into counterstreaming KAWs spreads the spectrum into lower wavenumber domain, k 1⊥ < k 2⊥ < k S⊥ (Voitenko, 1998a) .
The relevance of the decay into counterstreaming waves for the problem of nonlinear saturation can be understood as follows. The time needed for the efficient energy exchange among counterstreaming KAWs, τ N L ∼ γ −1 N L should be shorter than the overlapping time, L cor /2V A , during which the counterstreaming wave travels in the field of the pump:
Since the condition for saturation is γ −1
k , we obtain from (45) a quite reasonable estimate for the possible correlation length: L cor 10λ z , where λ z is the wavelength along B 0 , λ z ∼ 10 m.
The dynamics and direction of the nonlinear KAW energy transfer in k-space have been investigated in a model of the triads interacting most effectively in the cascading process (Voitenko, 1998b) . In this model the spectral energy cascade is considered as a series of consequent decays beginning with the 1-st step of the source wave decay into two secondary waves (decay products), having the largest growth rate. Any decay product of the n-th step in turn excites two decay products of the (n + 1)-th step and so on, eventually resulting in the energy transfer in the k -space, dynamical properties of which are determined by the form of matrix element of three-wave resonant interaction among KAWs U (k, k 1 , k 2 ). The wavenumbers of the dominant decay products at any step are determined by maximizing
In the case of the most effective decay into counterstreaming secondary waves, these wavenumbers are k 1⊥ ≈ 0.776k s⊥ and k 2⊥ ≈ 0.442k s⊥ in the limit of weak wave dispersion (we put T e = T i for simplicity). Further pumping of energy into KAWs with k S⊥ waves by MHD waves gives rise to further spreading of the wave spectrum and formation of the turbulent cascade.
In the KAW turbulence formed by dominant triads the energy tends to flow toward smaller k, forming a so-called inverse cascade. As the electron Landau damping and the collisional dissipation of KAWs are highly reduced at smaller k ⊥ , this region can be considered as an inertial one (no sink no source), and an inertial-range power-law spectrum can be formed at k ⊥ < k s⊥ . The strongest turbulent cascade including interaction among counterstreaming waves can form the inertial-range energy spectrum (Voitenko, 1998b) :
This spectrum can exsist if there is a sink at some wavenumber k * ⊥ , 0 < k * ⊥ < k s⊥ , othervise we encounter an infinite energy growth while k ⊥ → 0. If such a sink exists, the energy of the turbulence is concentrated at k ⊥ k * ⊥ . It is possible that the non-adiabatic ion acceleration provides such sink, but in this case the inertial range can be quite short.
An alternative spectral transport for KAWs induced by their nonlinear coupling to convective cells was considered by Pokhotelov et al. (2003) and Onischenko et al. (2004) . Further investigations are required to decide which process and in what circumstances is more efficient for a finiteamplitude KAW: resonant decay into 2 counter-streaming KAWs, or decay into convective cells and KAW sidebands.
In the weak-turbulence limit shear-Alfvén waves propagating parallel to B 0 develop direct turbulent cascade and form an anisotropic energy spectrum that also scales as k −2 ⊥ (Bhattacharjee and Ng, 2001 ).
6 Some applications 6.1 Transient heating events in the solar atmosphere Transient brightenings on time scales of about one minute or shorter are observed in the low corona by Yohkoh and SOHO (blinkers, nano-and microflares) and attract an increasing interest (Berger et al., 1999; Berghmans et al., 2001) . It is believed that most of these explosive events are closely related to the interaction of magnetic fluxes, separated by current sheets. Magnetic reconnection in current sheets may produce reconnection outflows and consequent plasma heating and line broadening due to plasma turbulence excited by the outflows, like in solar flares (Voitenko and Goossens, 2002a) .
On the other hand, a considerable fraction of the energy can be released by the dynamical evolution of the current sheets themselves. Fushiki and Sakai (1994) have shown that fast waves can be produced in the solar atmosphere by a pinching current sheet. In turn, these fast waves undergo a modulational instability if the wave amplitudes overcome a critical value, b P > V s /V A (Sakai, 1983; Fushiki and Sakai, 1994) .
Let us consider the possibility that the fast waves with ω P ∼ 10 − 100 s −1 , emitted from the magnetic reconnection events, heat the surrounding plasma by the heavily damped KAWs that are excited by the resonant decay of the fast waves. For the coronal parameters the threshold amplitude (27) of the parametric decay is small, b C P ≈ 10 −2 for ω P ∼ ν e ∼ 10 s −1 , and the resonant decay dominates under coronal conditions.
For the FW with an amplitude b P = 0.1 and frequency ω P = ν e = 30 s −1 , pumped from the current sheet, we estimate the typical time for the decay instability to develop and the plasma to heat:
These waves damp in the vicinity of the source (current sheet), and damp within the distance L F W = V A τ tot ∼ 10 3 km. Therefore the heated volume is 10 3 × 10 3 × L z km 3 (L z is the length of the current sheet, L z ∼ 10 3 km).
The real heating time in this model is determined by the magnetic reconnection time scale, which is in the range 10-100 s, and the volume heated by the waves is restricted in size to ∼ 10 2 − 10 3 km, equal to the dissipation distance of fast waves. A significant heating beyond this volume may be due to the thermal conduction from it.
Nonlinear excitation of KAWs in the coronal holes
The nonlinear properties of KAWs provide very promising plasma energization mechanisms that can be responsible for the plasma heating and solar wind acceleration in the coronal holes. We start from an initially static equilibrium where the plasma is heated locally, only at low heights (e.g., by acoustic shock waves), and the plasma temperature and density decrease with heliocentric distance along open magnetic field lines. The gas/magnetic pressure ratio β should also decrease, practically to zero, at the distance of the order of hydrostatic scale of height. Let us now assume that a flux of MHD Alfvén waves is launched in the corona by photospheric motions (or by magnetic reconnection events at the coronal base). These waves propagate upward unattenuated up to the height where β becomes equal to m e /m p . But, as soon as β drops below m e /m p , MHD Alfvén waves undergo a strong parametric decay into KAWs. Due to their short perpendicular wavelengths, the nonlinearly excited KAWs dissipate via collisional or collisionless wave-particle interaction. This, in turn, gives rise to plasma heating and particles acceleration. Thus, the flux of KAWs, that propagates further upward, can easily increase β again well above m e /m p in the high corona and provide the energy source for the solar wind acceleration. This should eventually result in a new, dynamic equilibrium, in which (i) the first transition point from β > m e /m p to β < m e /m p is shifted to larger heights (result of the dissipation of downward KAW flux); (ii) there is an extended region where β is kept (by the dynamical back reaction on the KAWs damping) at a level below m e /m p , so as to provide an efficient conversion of the upward MHD Alfvén flux into two counter-streaming KAW fluxes; (iii) there is a second transition point from β < m e /m p to β > m e /m p , beyond which the plasma is strongly heated by the upward KAW flux and expands forming solar wind. Let us turn to numerical estimations. We take values for plasma parameters that are typical for coronal holes. The temperatures and densities of electrons in coronal holes are rather well determined (see Wilhelm et al. (1998) and references therein). Near the critical point we take β = 0.99m e /m p , T e = 10 5 K, n e = 3 × 10 7 cm −3 , and T p /T e = 1.5, p = 5 × 10 4 s −1 . The electron collisional frequency ν e may then be estimated as ν e ∼ 100 s −1 . As the collisional (resistive) dissipation of KAWs is stronger than the Landau damping for low-frequency waves ω k < 10 s −1 (Voitenko and Goossens, 2000) , we use the collisional damping as an estimate of the dissipation rate:
The maximal growth γ tot ≈ 0.6 s −1 is attained at k 2 ⊥ δ 2 e ≈ 1 if we take the (underestimated) amplitude b P = 0.0023 of the MHD waves, participating in elementary three-wave interactions. Formally, we can have a much higher growth rate with different wave and plasma parameters, but we are restricted by the condition of weak growth/damping, i.e., γ tot should be smaller than ω P , γ tot < ω P , which can be violated for the low-frequency MHD waves. To this end we note that the wave flux, coming from the β > m e /m p region, meets initially very small values of 1 − βm p /m e , satisfying condition γ tot < ω, but providing fast enough conversion of wave energy. The mechanism is working in such a way as to keep β very close to m e /m p , so that the values β = 0.99m e /m p can be reasonable. But, for any β < m e /m p , the fastest growing waves have perpendicular wavenumbers in the range k 2 ⊥ δ 2 e = 1 − 3. The condition for the non-adiabatic cross-field acceleration of oxygen ions O +5 is
For the nonlinearly excited KAWs with k x δ e 1 we obtain the following condition for relative KAW amplitudes
Since the amplitudes of coronal MHD wave are in the range B MH D /B 0 = 0.05 − 0.1, condition (48) becomes realistic even for a small fraction ( 0.1) of MHD wave energy transferred to KAWs, and O +5 ions can be strongly heated in the perpendicular direction. However, due to the high efficiency of the nonlinear excitation of KAWs, we could expect much more energy to be transferred to KAWs, of the order of the initial MHD wave energy. In this case the protons can also be heated by KAWs. The condition for non-adiabatic proton acceleration is B KAW y /B 0 0.01. An essential feature of this heating mechanism is its relation to the region of β m e /m p at some distance from the Sun.
Powering aurora
A high level of KAWs is continuously observed by satellites in the auroral zones of terrestrial magnetosphere at heights 1.5 ÷ 6 R E (R E is Earth's radius), where these waves provide plasma heating and particle acceleration. Moreover, recent satellite observations indicate that the KAW flux is responsible for the most intense events observed in the aurora (Wygant et al., 2002; Chaston et al., 2003) . However, the origin of these KAWs is still uncertain. At the same time satellites measure a large energy flux of large-scale MHD Alfvén waves that are excited by the solar wind interacting with the magnetosphere, and/or by the magnetic reconnection in the geomagnetic tail. These MHD waves propagate downward along geomagnetic field lines, and their flux is sufficient to power the measured flux of KAWs. This observational fact suggests (Wygant et al., 2002 ) that the KAWs are generated by MHD Alfvén waves. If we take the amplitude of the MHD Alfvén waves b P = 0.1 and ω P / p = 0.01 − 0.1 (Wygant et al., 2002) , then we find from Eq. (39) a strong nonlinear pumping of energy into KAWs γ N L max ∼ ω 1 ω P in the region where β m is still very close to unity, β m 0.99. For β m 1, the fastest growing KAWs have perpendicular wavenumbers k ⊥ δ e 1. The Landau damping rate of these KAWs (Lysak and Lotko, 1996) is weaker than the nonlinear pumping rate, γ L ω 1 ∼ γ N L max . Hence, the nonlinear excitation of KAWs by the decay of MHD Alfvén waves can be very efficient in the auroral regions.
The condition for non-adiabatic acceleration of O + ions can be written as For KAW wave lengths of the order of electron inertial length, this gives very low critical amplitudes B y0 /B 0 > 1.5 × 10 −3 . KAWs with super-critical amplitudes are always observed in the auroral regions of strong cross-field heating of O + ions. These KAWs are accessible for the nonadiabatic acceleration of O + across the background magnetic field and are thus responsible for the observed heating and formation of ion conics.
Conclusions
We have studied the nonlinear excitation of KAWs by MHD Alfvén and fast waves. The parametric decay of a pump MHD Alfvén wave into KAWs is possible in a very low-β plasma only, β < m e /m p . The pump fast magnetoacoustic wave can drive KAWs in a low-β plasma, β < 1 . The main conclusion is that these elementary nonlinear processes can strongly accelerate the spectral evolution of wave energy from MHD length scales to dissipative short length scales in a variety of space plasmas. The nonlinear excitation of KAWs in the extended solar corona can be provided by upward-propagating (Alfvén and fast) MHD waves launched from the convection zone or excited by the magnetic reconnection events at the coronal base. Short transversal wavelengths of the order 10 m make KAWs accessible for the non-adiabatic acceleration of oxygen ions if the KAW/background magnetic field ratio exceeds 0.005. The resulting ion energization is primarily in the direction perpendicular to the background magnetic field. This process provides an alternative to the ion-cyclotron explanation for the intense transverse energization of oxygen ions observed by SOHO at 2-4 solar radii. Similarly, the impulsive heating events at the coronal base can be due to the dissipation of KAWs nonlinearly driven by MHD waves, excited by the collapsing current sheets.
In the terrestrial magnetosphere, a large flux of MHD Alfvén waves is generated by magnetic reconnection in the magnetotail and propagates downward. Under our hypothesis, this flux powers the energy release in the auroral zones by means of nonlinearly excited KAWs. The energy release is distributed between the field-aligned degree of freedom for the electrons, and the cross-field degree of freedom for the ions, as is observed by satellites.
